The present work has investigated the morphological and ultrastructural changes occurring during degeneration of goat preantral follicles preserved in vitro and showed quantitative data about the distribution of follicular degeneration types in the control and after preservation in coconut water solution or Braun-Collins solution at different temperatures (4, 20 or 39°C) and incubation times (4, 12 or 24 h). At the slaughterhouse, the pair of ovaries of each animal was divided into 19 fragments. One ovarian fragment was immediately fixed (control: Time 0). The other 18 fragments were randomly distributed in tubes containing 2 ml of coconut water or Braun-Collins solution at 4, 20 or 39°C and stored for 4, 12 or 24 h. Normal preantral follicles exhibited a healthy oocyte surrounded by one or more well-organized layers of granulosa cells. The ooplasm contained numerous rounded or elongated mitochondria with continuous mitochondrial membranes. Golgi complexes were rare. Both smooth and rough endoplasmic reticulum were observed, either as isolated aggregations or complex associations with mitochondria and vesicles. Degenerated preantral follicles in the control tissue exhibited pycnotic nuclei of the oocyte, vacuolated ooplasm and normal granulosa cells. This kind of degeneration also predominated significantly (P<0.05) after preservation at 4°C. In contrast, after preservation at 20 or 39°C a significant predominance (P<0.05) of preantral follicles showing a retracted oocyte and swollen granulosa cells was observed. These follicles showed large irregularity of the oocyte and nuclear outlines. The ooplasm exhibited moderate proliferation of the endoplasmic reticulum and mitochondria showed disappearance of most of the cristae and damage to the mitochondrial membrane. Some follicles had numerous vacuoles in the ooplasm. Granulosa cells were spread and a low density of organelles was observed. The alterations in follicular structure progressed with an increase of temperature from 20 to 39°C as well as with an increase of the incubation time from 4 to 12, or 24 h. In conclusion, the present study shows for the first time that initial proliferation of the endoplasmic reticulum and damage to mitochondria are the first signs of degeneration in goat preantral follicles during storage in vitro.
Introduction
At birth the mammalian ovary contains many thousands of preantral follicles but the vast majority become atretic during their growth and maturation. As a result relatively few viable oocytes are produced during the reproductive lifespan of the female (Carroll et al., 1990) . The techniques developed for the isolation (Figueiredo et al., 1993 and Lucci et al., 1999) , culture (Figueiredo et al., 1994) and cryopreservation (Carroll et al., 1990) of preantral follicles offers a means to utilize large numbers of preantral follicles in reproductive programs.
These techniques have been successfully applied in laboratory species. For example, mice offspring have resulted from preantral follicles that were isolated, cryopreserved and cultured in vitro (Carroll et al., 1990) .
In farm animals, the donor of the ovarian follicles is usually not housed near the laboratory where the research is done. Therefore, preservation of the follicles during transport from the field to the laboratory becomes a major concern. Recently, we described the beneficial effects of coconut water and Braun-Collins solutions on the preservation of caprine preantral follicles Silva et al., 2000) . Coconut water and Collins solutions have been successfully used for semen (Nunes, 1998) and organ (liver: Adam et al., 1996; lung: Fukuse et al., 1996; kidney: Savioz et al., 1996) preservation, respectively. The preservation of preantral follicles is of obvious importance for the maintenance of follicular morphology during transportation of ovaries to the laboratory, which is necessary to provide healthy oocytes for in vitro growth and maturation. Thus, the need for an understanding of the ultrastructural events occurring in preantral follicles during preservation in vitro is important to develop suitable preservation systems as well as to comprehend follicular atresia. Furthermore, the ultrastructural features of cattle (Fair et al., 1997) , sheep (Tassel and Kennedy, 1980) , human Adams, 1967 and Oktay et al., 1997) , guinea pig (Adams and Hertig, 1964) and goat (Sharma et al., 1994 and Lucci et al., 2001 ) preantral follicles have been described in several papers. In addition, Tassel and Kennedy (1980) and van den Hurk et al. (1998) showed the ultrastructural features of preantral follicles that underwent degeneration in vivo. However, the sequence of events taking place during degeneration in goat preantral follicles preserved in vitro is presently unknown.
The aims of the present study was to describe the morphological and ultrastructural changes occurring during degeneration of goat preantral follicles preserved in vitro and to show quantitative data about the distribution of follicular degeneration types in the control and after preservation in coconut water or Braun-Collins solutions at different temperatures and incubation times.
Material and methods

Source of ovaries
Ovaries (n=10) from five adult mixed breed goats were collected at a local slaughterhouse. Under aseptic conditions, the ovaries were stripped of surrounding fat tissue and ligaments and processed as described in the experimental protocol.
Media
The media tested were: (1) commercial Braun-Collins solution (osmolarity: 401 mOsm/l; pH: 7.2 -Laboratory B. Braun S.A, Rio de Janeiro, Brazil), and (2) coconut water solution composed of two parts of filtered coconut water, one part of purified water and one part of 5% sodium citrate -final osmolarity: 300 mOsm/l and pH: 6.8 (Nunes, 1998). Coconut water was obtained from coconuts (6-month-old) collected from the green beach variety of the coconut-palm (Cocus nucifera).
Experimental protocol
In the slaughterhouse, the pair of ovaries from each animal was divided into 19 fragments. Following this, one ovarian fragment was taken randomly, a small piece removed for electron microscopy, and the remainder immediately fixed for histological examination (control: Treatment 1 and Time 0). The other 18 fragments were randomly distributed in tubes containing 2 ml of coconut water or Braun-Collins solution at 4, 20 or 39°C and stored for 4, 12 or 24 h (Treatments 2-19) as shown in Fig. 1 . The temperatures were maintained using thermosflasks filled with water at 4, 20 or 39°C. For each treatment, parameters such as temperature, osmolarity and pH of the solutions were monitored at the beginning and at the end of the treatments. Each treatment was repeated five times. 
Light microscopy
To evaluate the morphology of the caprine preantral follicles, the ovarian fragments from the different treatments were processed as follows. Small pieces of the ovarian fragments from each treatment, including the control, were removed for electron microscopy with the remainder being fixed individually in Bouins fluid for 12 h. Following this, they were dehydrated in a graded series of ethanol and embedded in paraffin wax. Sections of 7 μm were stained with hematoxylin and eosin and examined by light microscopy (Axiophot: Zeiss, Germany). The nucleus of the oocyte was used as a marker for analyzing follicles. Number of preantral follicles ranged from 163 to 249 in each treatment.
The follicular morphology was evaluated based on the integrity of the basement membrane, cellular density, cellular swelling, presence or absence of pycnotic bodies and retraction of the oocyte. Based on these variables, preantral follicles were classified as morphologically normal, degenerated Type 1 follicles (only the oocyte was degenerated), degenerated Type 2A follicles (early stage of degeneration of both oocyte and granulosa cells) and degenerated Type 2B follicles (advanced stage of degeneration of both oocyte and granulosa cells). These four classifications were assigned on a basis of degeneration that occurred as result of in vitro storage as well as in normal or degenerated follicles observed in the control.
Transmission electron microscopy
Ultrastructural analysis was performed using preantral follicles considered morphologically normal as well as in degenerated follicles after preservation. Briefly, small pieces of ovarian cortex were fixed in a solution containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.2. After fixation, the specimens were rinsed in buffer and post-fixed in 1% osmium tetroxide, 0.8% potassium ferricyanide and 5 mM CaCl2 in 0.1 M sodium cacodylate buffer. Subsequently the samples were dehydrated in acetone and embedded in Spurr. Thin sections (65 nm) were prepared when an oocyte nucleus appeared in the semi-thin sections (3 μm). Semi-thin sections were stained with toluidine blue while thin sections were contrasted with uranyl acetate and lead citrate, and examined using Jeol 100 C and Zeiss 912 transmission electron microscopes.
Statistical analysis of data
For each treatment, values of degenerated preantral follicles from five ovarian fragments were pooled. The percentages of degenerated follicles were compared using a Chisquared test (Instat for Macintosh). Values were considered statistically significant when P<0.05.
Results
Light microscopy
Normal preserved preantral follicles exhibited a healthy spherical or oval oocyte with a large central or eccentrically located nucleus. Granulosa cells, well-organized in layers, without pycnotic nuclei were observed surrounding the oocyte ( Fig. 2A) . Degenerated Type 1 follicles exhibited an oocyte with a pycnotic nucleus and well-organized granulosa cells without pycnotic nuclei (Fig. 2B ). In degenerated Type 2A follicles a lightly retracted oocyte and swollen granulosa cells were observed (Fig. 2C) . Moreover, degenerated Type 2B follicles had a retracted oocyte, with or without a pycnotic nucleus, strongly eosinophilic cytoplasm and disorganized, low density swollen granulosa cells (Fig. 2D ). 
Ultrastructural aspects of preantral follicles after preservation
Normal preantral follicles exhibited sparse vesicles spread throughout the cytoplasm in all the oocytes. The cytoplasm also contained numerous rounded mitochondria with peripheral cristae and continuous mitochondrial membranes, although there were occasional elongated forms with parallel cristae. Golgi complexes were rarely observed. Both smooth and rough endoplasmic reticulum were present, either as isolated aggregations or as complex associations with mitochondria and vesicles (Fig. 3) . Granulosa cells had irregularly-shaped nuclei, with a high nuclear-to-cytoplasm ratio. The cytoplasm contained a great number of elongated mitochondria with lamellar cristae and well-developed rough endoplasmic reticulum (Fig. 3) . These features were observed in preantral follicles preserved in coconut water solution at 4°C for up to 24 h and in Braun-Collins solution for up to 12 h, as well as in follicles from control. In some treatments follicles seemed to be well preserved according to histological analysis, however, transmission electron microscopy revealed some discreet changes in their ultrastructure (apparently normal at semi-thin sections). These changes suggest an initial degeneration that was observed in follicles preserved in Braun-Collins solution at 4°C for 24 h, in both solutions at 20°C at all incubation times, and in coconut water solution at 39°C for 4 h.
These follicles showed a large number of vesicles spread throughout the cytoplasm in all oocytes (Fig. 4) . In addition, initial signs of proliferation of the endoplasmic reticulum and damage to mitochondrial membranes and cristae were observed. Granulosa cells had a swollen aspect, with a low density of organelles present in their cytoplasm (Fig. 5) . The progression of these alterations led to follicles with a larger number of vesicles in the oocyte cytoplasm, and with damaged mitochondria, without cristae and with flaked content, closely associated with the smooth endoplasmic reticulum (Fig. 6) . The oocyte nucleus appeared misshapen and retracted with a wavy membrane. Degenerated Type 1 follicles showed similar alterations to those observed in apparently normal preantral follicles (data not shown). Degenerated Type 2A follicles contained a retracted oocyte and large irregularity of the follicular, oocyte and nuclear outlines (Fig. 7 ), besides the above described changes. The nuclear membrane was broken in some follicles. Granulosa cells became disorganized and some disappeared leaving a vacated space.
Many times, the connection between the oocyte and granulosa cells did not exist (data not shown). Degenerated Type 2B follicles exhibited a progression of the changes described above.
The oocyte cytoplasm was extremely vacuolated, with the vacuoles often fusing to produce a greater vacated area (Fig. 8) . Sometimes the cytoplasm appeared clotted, possibly as a result of nuclear content leak (data not shown). At this stage, organelles were generally no longer recognizable. However, where it was possible to discern, mitochondria appeared to be closely associated with large formations of swollen membranes of the endoplasmic reticulum in a parallel array. In these follicles, some granulosa cells were completely fragmented. In only one follicle was the basement membrane broken (Fig. 9) . 
Distribution of follicular degeneration types in the control and other treatments
A total of 3826 preantral follicles were examined by histological analysis. Number of follicles ranged from 163 to 249 in each treatment. Morphologically normal follicles were observed by histological analysis in all treatments, except after preservation in Braun-Collins solution at 39°C for 12 h and in both solutions at 39°C for 24 h. Of the degenerated follicles, in the control as well as after storage in both solutions at 4°C for 4 h only degenerated Type 1 follicles was observed (Table 1 and Table 2 ). A significant predominance (P<0.05) of degenerated Type 1 follicles when compared with degenerated Types 2A and 2B follicles was observed after storage at 4°C for 12 or 24 h, in both solutions. In contrast, a significant predominance (P<0.05) of degenerated Types 2A and 2B follicles was observed after storage in both solutions at 20 or 39°C, when compared with degenerated Type 1 follicles ( Table 1 and (a, b, c) in the same row show significant differences (P < 0.05). b Values within columns with different letters (A, B, C) at the same preservation temperature show significant differences among incubation times (P < 0.05). c Values within columns with different letters (G, H, I) at the same incubation time show significant differences among preservation temperatures (P < 0.05). (a, b, c) at the same row show significant differences (P < 0.05). b Values within columns with different letters (A, B, C) at the same preservation temperature show significant differences among incubation times (P < 0.05). c Values within columns with different letters (G, H, I) at the same incubation time show significant differences among preservation temperatures (P < 0.05).
There was no effect of incubation time on the percentage of degenerated Types 1, 2A and 2B follicles using both solutions at 4°C (Table 1 and Table 2 ), except for Braun-Collins solution at 24 h, which increased significantly (P<0.05) the percentage of degenerated Types 2A and 2B follicles. In contrast for coconut water solution ( Table 1) ( Table 1 and Table 2 ).
With regard to the effect of temperature, a significant reduction (P<0.05) of degenerated Type 1 follicles was observed with the increase of temperature from 4 to 20 and 39°C at all incubation times in both solutions. The percentages of degenerated Types 2A and 2B follicles increased significantly (P<0.05) with the increase of temperature from 4 to 20 and 39°C for both solutions ( Table 1 and Table 2 ), except for the similar percentages (P>0.05) of degenerated Type 2A follicles after storage in coconut water solution for 24 h at 20 and 39°C (   Table 1) , and for a significant reduction (P<0.05) of the percentages of degenerated Type 2A follicles after preservation in Braun-Collins solution for 12 and 24 h with the increase of temperature from 20 to 39°C ( Table 2) .
Discussion
The present study shows for the first time the morphological and ultrastructural changes occurring during degeneration of goat preantral follicles in ovarian tissue fragments preserved in vitro in coconut water or Braun-Collins solutions at different temperatures and incubation times.
Ultrastructural analysis of goat normal preantral follicles preserved in vitro showed that the ooplasm contains smooth (SER) and rough (SER) endoplasmic reticulum associated with round or elongated mitochondria and vesicles. Such a feature is commonly observed in fresh preantral follicles of goats (Sharma et al., 1994 and Lucci et al., 2001 ) and other species (cattle: van Wezel and Rodgers, 1996 and Fair et al., 1997; sheep: Cran et al., 1980 and Tassel and Kennedy, 1980; guinea pig: Adams and Hertig, 1964; human: Hertig and Adams, 1967; and mouse: Wassarman and Josefowicz, 1978) . The association of endoplasmic reticulum with mitochondria and vesicles suggests a mechanism for the transport of substrates into the mitochondria. Furthermore, vesicles containing a variety of internal substances also appear to be evidence of transport to the paranuclear metabolic center from the oocyte surface or vice versa (Hertig and Adams, 1967) .
The preantral follicles preserved in Braun-Collins solution at 4°C for 24 h exhibited numerous vacuoles in the ooplasm as revealed by ultrastructural analysis. Tassel and Kennedy (1980) and van den Hurk et al. (1998) emphasized that oocytes showing signs of atresia in vivo contain numerous vacuoles. The cytoplasmic vacuoles are also a characteristic sign of degeneration in granulosa (Hay et al., 1976) and cumulus cells (Assey et al., 1994) during degeneration in vivo and may represent endoplasmic reticulum swelling. Conversely, these vacuoles may represent altered mitochondria, as observed in cryopreserved bovine oocytes by Fuku et al. (1995) . The proliferation of endoplasmic reticulum and damage to the mitochondria were observed in degenerated follicles as well as in apparently normal follicles after preservation in both solutions at 20 and 39°C. These changes increase with incubation time, probably indicating that they were induced by the preservation condition.
Degenerated Types 2A and 2B follicles contained aggregates of cytoplasmic organelles, proliferation of the endoplasmic reticulum and mitochondrial damage. In subordinate oocytes (Assey et al., 1994) and thecal cells (O'Shea et al., 1978) large aggregates of endoplasmic reticulum were observed, providing evidence of atresia. In addition, bovine oocytes showed large aggregates of SER surrounded by mitochondria after 48 h of culture (Hyttel et al., 1986) . Kruip et al. (1983) suggesting the existence of metabolic units in which vesicles and mitochondria are combined via the SER. Thus, the clustering of organelles appears to indicate a decrease in oocyte metabolism during culture (Hyttel et al., 1986) . Under our experimental conditions, the proliferation of endoplasmic reticulum may indicate an attempted adaptation to adverse conditions throughout the preservation period. With regard to mitochondrial damage, according to Butler (1970) the changes at the concentrations of intracellular K+, Ca2+ and P+ induce mitochondrial swelling and consequently disappearance of most of the cristae.
In addition, Green and Reed (1998) showed that the opening of non-selective channels in the inner mitochondrial membrane allows for an equilibration of ions with the matrix and intermembrane space of mitochondria, thus dissipating the H+ gradient across the inner membrane and uncoupling the respiratory chain. Perhaps more importantly, channel opening results in a volume disregulation of mitochondria due to the hyperosmolarity of the matrix, which causes the matrix space to expand.
Concerning the distribution of degeneration types, the pycnotic nucleus of the oocyte was the predominant sign of degeneration observed (Type 1 degeneration) in the control and after preservation at 4°C. The greater rates of reduction of cellular metabolism may explain why there was not induction of other types of degeneration after preservation at 4°C. Similar results were also observed after analysis of fresh (caprine: Bezerra et al., 1998; Lucci et al., 1999; and ovine: Jorio et al., 1991) or cold-stored preantral follicles at 4°C (feline: Wood et al., 1997) . Jorio et al. (1991) showed that degeneration of the oocyte is the mode of atresia most frequently observed in preantral follicles. In vitro studies have shown that in certain preantral follicles the oocyte degenerates or completely disappears while granulosa cells appear healthy and continue to proliferate, showing that the oocyte is much more sensitive to degenerative events than granulosa cells (Braw-Tal and Yossefi, 1997 and Figueiredo et al., 1994) . In contrast, in the treatments where the ovarian fragments were stored at 20 or 39°C, a significantly higher percentage of degenerated oocyte and granulosa cells were observed.
Under such conditions, oocyte and granulosa cells were equally affected by degenerative events. The changes observed in these follicles were probably induced by in vitro preservation conditions. These degenerated follicles exhibited a slightly or strongly retracted oocyte, with or without a pycnotic nucleus, and disorganized, low density granulosa cells, probably since they were enlarged in volume. The increase of preservation temperature from 4 to 20 and to 39°C and consequently increased oxygen consumption, associated with low oxygen tension in vitro may have caused the progressive increase of degenerated Types 2A and 2B follicles. The increase of the incubation time from 4 to 12 and to 24 h also increased the follicular injury caused by low oxygen tension in vitro. Jennings et al. (1975) suggested that hypoxic-induced changes in the cellular membrane permeability caused changes of intracellular Na+, K+ and Cl−, which together with an altered distribution of Ca2+ and increase of intracellular water, may lead to increased cellular volume and consequently cellular degeneration.
The earliest appearance of degenerated Types 2A and 2B follicles was observed after preservation of preantral follicles at 20 or 39°C in Braun-Collins solution in contrast to coconut water solution. Braun-Collins solution functions via hypothermic preservation in hyperosmotic solution, followed by a low cellular dehydration, thus avoiding consequent cell swelling. At greater temperatures, our results were similar to those obtained by Savioz et al. (1996) with kidney preservation at 14°C. These authors demonstrated the lack of effectiveness of BraunCollins solution when its use was not associated with preservation at 4°C. According to Figueiredo et al. (1994) retraction of the oocyte occurs during degeneration of preantral follicles. Thus, the early cellular dehydration provoked by Braun-Collins solution may have contributed to the initial oocyte retraction and consequently increased percentages of degenerated Types 2A and 2B follicles. In comparison, coconut water solution is iso-osmotic and has been successfully used for semen preservation in sheep (Guerra and Nunes, 1999) , pigs (Toniolli et al., 1998) and humans species (Nunes, 1998) . Coconut water solution also was as effective as TCM 199 during oocyte maturation (Blume et al., 1997a) and embryo culture (Blume et al., 1997b ).
In conclusion, our study shows for the first time that initial proliferation of endoplasmic reticulum and damage to mitochondria are the first signs of degeneration in goat preantral follicles during storage in vitro. These structural changes progress with the increase of preservation temperature and incubation time. Thus, the understanding of events occurring in preantral follicles during in vitro degeneration might be very useful to optimize the systems of in vitro preservation as well as to understand follicular atresia.
